






































this	 issue	 is	 to	 use	 different	 post-processing	 techniques	 to	 achieve	 a	 variety	 of	 surface	




main	 focus	 is	 to	 investigate	 the	consumer	perceptions	of	different	LS	 surface	 finishes	and	

























































































































































































































2D	 	 	 Two	Dimensional	
2AFC	 	 	 Two	Alternative	Forced	Choice	
3D	 	 	 Three	Dimensional	
AM	 	 	 Additive	Manufacturing	
ANOVA	 	 Analysis	of	Variance	
ASTM	 	 	 American	Society	for	Testing	and	Materials	
BSI	 	 	 British	Standards	Institute	
CAD	 	 	 Computer	Aided	Design	
D	 	 	 Dictaphone	
EP	 	 	 Exploratory	Procedure	
F	 	 	 Female	Participant	
FAI	 	 	 Small	Fast	Adapting	Mechanoreceptor	
FAII	 	 	 Large	Fast	Adapting	Mechanoreceptor	
FDM	 	 	 Fused	Deposition	Modelling	
H0	 	 	 Null	Hypothesis	
H1	 	 	 Alternative	Hypothesis	
ICC	 	 	 Intra-class	Correlation	Coefficient	
IQR	 	 	 Inter	Quartile	Range	
L	 	 	 Laptop	
LH	 	 	 Left	Handed	
LOM	 	 	 Laminated	Object	Manufacturing	
LRM	 	 	 Laser	Re-Melting	
LS	 	 	 Laser	Sintering	
M	 	 	 Male	Participant	
P1	 	 	 Participant	1	
PUSh	 	 	 Chemical	surface	treatment	for	LS	parts	
Ra	 	 	 Arithmetical	Mean	Deviation	of	Roughness	
RH	 	 	 Right	Handed	
Rz	 	 	 Ten	Point	Height	of	Irregularities	
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	 x	
SAI	 	 	 Small	Slow	Adapting	Mechanoreceptor	
SAII	 	 	 Large	Low	Adapting	Mechanoreceptor	
SL	 	 	 Stereolithography	
SPSS	 	 	 Statistical	Package	for	the	Social	Sciences	
STL	 	 	 Standard	Tessellation	Language	


























































































































































































































The	 manufacturing	 method	 of	 joining	 layers	 consecutively	 gives	 designers	 the	 ability	 to	
manufacture	parts	of	high	complexity	and	detailed	geometry.	This	is	due	to	access	to	internal	
components	 of	 the	 parts	 during	 the	 manufacturing	 process	 that	 would	 otherwise	 be	




The	 customisation	 of	 additive	 manufactured	 parts	 provides	 an	 economic	 low-volume	
production	 whilst	 also	 giving	 consumers	 personalised	 parts.	 This	 includes	many	 different	





assembly,	which	 encourages	 far	more	 possibilities	 in	 design	 that	 have	 not	 been	 available	
previously.	 	 The	 optimisation	 of	 parts	 can	 also	 be	 improved	 due	 to	 increased	 geometric	




























The	 range	 of	 materials	 available	 for	 this	 technology	 is	 fairly	 limited	 depending	 on	 the	
particular	method	and	the	cost	of	the	available	materials	is	high,	which	has	led	to	limited	use	




















Due	 to	 the	 freedom	 of	 design	 available	 in	 this	 method	 of	 manufacture,	 this	 tends	 to	




































The	 target	 audience	 for	 this	 project	 was	 the	 average	 young	 consumer,	 ranging	 in	 years	
between	18	and	30	years.	This	particular	audience	was	chosen	as	it	was	seen	to	be	the	group	








This	 thesis	 will	 begin	 with	 a	 review	 of	 relevant	 AM	 and	 surface	 finish	 literature,	 before	
discussing	the	ways	in	which	people	interact	with	objects,	and	methods	of	evaluating	their	
responses.	A	combination	of	this	literature	and	targeted	focus	groups	will	be	used	to	design	


























manufactured	 through	 other	 processes.	 However,	 there	 are	 limitations	 in	 the	
geometries	it	can	produce.	
• Formative	shaping	–	the	desired	shape	is	acquired	by	application	of	pressure	to	a	body	












The	 additive	 process	 is	 a	method	 of	manufacture	 that	 is	 still	 developing.	 AM	 technology	
applies	the	additive	shaping	principle	and	thereby	builds	physical	3D	geometries	by	successive	
addition	of	material	[2].	AM	can	also	be	known	as	3D	printing,	and	other	historical	terms	are	















































































they	 are	 being	 deposited.	 It	 is	 often	 used	 on	 already	 existing	 parts	 for	 repairs	 or	 to	 add	












Material	 extrusion	 is	 an	 AM	 process	 in	which	material	 is	 selectively	 dispensed	 through	 a	













This	 is	 an	 AM	 process	 in	 which	 droplets	 of	 build	 material	 are	 selectively	 deposited.	 The	























































The	 powder	 is	 then	 held	 at	 a	 temperature	 just	 below	 its	 melting	 point	 in	 the	 build	 bed	
chamber.	The	laser	then	selectively	scans	the	powdered	area	to	tip	the	temperature	of	the	
















Method	 Plastic	 Metal	 Ceramic/other	
Binder	Jetting	 	 ✔	 ✔	
Directed	Energy	Deposition	 	 ✔	 ✔	
Material	Extrusion	 ✔	 	 ✔	
Material	Jetting	 ✔	 ✔	 	
Sheet	Lamination	 	 	 ✔	
Vat	Polymerisation	 ✔	 	 ✔	































































































is	 achievable	 through	 this	 technology.	 The	 consumer	 would	 have	 had	 a	 consultation	 to	








































Sintering	 is	 a	 technique	 that	 has	 been	 practiced	 for	 centuries;	 some	 examples	 of	 early	




































































in	 turn	 is	 comprised	 of	 the	 change	 in	 interfacial	 energy,	 γ,	 and	 the	 change	 in	 the	 areas	
between	the	particles,	A.	The	reduction	of	total	energy	can	be	shown	as	in	Equation	1.2	[44].	
	







































































































































Distortion	occurs	when	 there	are	 large	 thermal	differences	during	 the	building	process	or	
during	cooling	process	afterwards,	which	results	in	warped	parts.	It	is	equally	dependent	on	
the	material	used	and	the	geometry	of	the	part.	The	optimal	setting	of	the	process	chamber	



















The	 literature	also	 suggests	 that	 the	orientation	and	placement	of	 LS	parts	 can	affect	 the	
parts’	performance	properties	and	surface	finish	[47,	48].	Ellis	et	al.	found	that	parts	build	at	
0°	and	90°	to	the	bottom	of	the	build	bed	created	the	smoothest	surface	finish	results	without	





























































































































































measuring	 LS	 samples	 in	 this	 work	 to	 easily	 distinguish	 the	 average	 differences	 between	
surfaces.	
	















Rz	 is	 the	 ten-point	height	of	 irregularities	 [51],	which	uses	 the	 five	highest	peaks	and	 five	




























































































However,	 for	 this	 thesis,	 the	 emphasis	 will	 be	 on	 post-processing	 of	 LS	 parts	 instead	 of	

































Although	this	may	seem	like	a	basic	post-processing	technique,	 this	 is	one	of	 the	simplest	
methods	of	creating	a	smoother	surface	on	an	LS	part.	By	placing	 the	paint	on	 top	of	 the	
surface	that	needs	to	be	altered,	the	paint	fills	in	all	of	the	“valleys”	as	depicted	in	Figure	1.31.	
This	creates	a	surface	with	a	smoother	finish	overall	as	the	troughs	of	the	surface	roughness	





















• PUSh™	Process	–	This	 is	 a	new	chemical	 treatment	developed	at	 the	University	of	

















































have	 carried	 out	 a	 large	 collection	 of	 work	 [78-82]	 on	 an	 engineering	 principle	 that	

































Skin	 is	 the	 largest	organ	 in	 the	human	body	and	acts	as	a	sensory	port	of	external	stimuli	
having	 several	kinds	of	 sensors	 [83].	 It	 is	a	multi-layer	organ	comprised	of	many	different	





























































































Merkel	 Discs	 are	 placed	 near	 the	 skin’s	 surface	 and	 are	mainly	 responsible	 for	 detecting	









and	 in	 contact	 with	 a	 textured	 surface.	 Johnson	 et	 al	 [90]	 have	 proved	 this	 in	 that	 the	
perception	 of	 roughness	 depends	 on	 the	 activity	 of	 one	 of	 the	 rapidly	 adapting	
mechanoreceptors,	in	which	otherwise	they	would	be	redundant.	
	












the	 object	 is	 held	 in	 the	 centre	 of	 the	 hand	 and	 non-prehensile	 movement	 is	 where	 no	
grasping	happens	at	all	–	the	movement	is	mostly	pushing	or	lifting	the	object	as	a	whole	[91].	





































































hand,	while	 one	 hand	 passively	 rests	 on	 it	without	moulding.	 This	 can	 be	 used	 to	
determine	the	surface	roughness	of	an	object,	but	is	not	as	accurate	as	lateral	motion.	
It	is	mainly	used	to	determine	the	temperature	of	an	object.	







• Contour	 Following	 –	 the	hand	maintains	 a	 dynamic	 contact	with	 a	 contour	 of	 the	





As	mentioned	earlier,	 the	 texture	of	an	object	 is	more	accurately	observed	when	 there	 is	
movement	 present	 in	 the	 examination	 between	 skin	 and	 the	 surface	 of	 the	 test	 piece.	








































































Affective	 engineering	 is	 the	 technique	 followed	 in	 this	 thesis	 that	 captures	 the	 personal	
elements	of	Kansei	engineering	to	achieve	a	design	process	that	is	tailored	to	the	consumer.	
It	is	a	qualitative	research	method	that	incorporates	quantitative	data	collection	to	verify	its	




























































































The	 literature	 is	divided	as	to	whether	participants	should	know	each	other	or	not.	This	 is	




































































































Osgood	et	al.	describe	 semantic	differentials	as	 “a	combination	of	association	and	 scaling	
procedures	 designed	 to	 give	 an	 object	measure	 of	 the	 connotative	meaning	 of	 concepts”	
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a	 focus	 group.	 This	 has	 been	prominent	 in	 product	 packaging	 tests	 of	moisturiser	 bottles	
























































































































focus	 groups	 were	 then	 utilised	 to	 identify	 the	 correct	 language	 to	 use	 for	 further	
experiments.	 A	 range	 of	 human	 interactions	 techniques	 were	 combined	 into	 one	
experimental	procedure.	A	 small	pilot	 test	 and	 iteration	were	 conducted	before	 the	main	




















An	 important	 starting	 point	 was	 to	 explore	 if	 there	 were	 any	 noticeable	 surface	 quality	



































































































































































































It	was	 found	that,	overall,	 the	bottom	surface	of	 the	parts	was	measured	to	have	a	 lower	
roughness	value	 than	 the	 top	surface.	The	used	parts	had	 rougher	 surface	 finishes	with	a	
trend	that	mostly	followed	with	the	50-50	and	then	virgin	powders,	respectively.	However,	























In	 order	 to	 identify	whether	 the	participants	 could	distinguish	between	 the	 roughest	 and	





focus	 groups	 to	 gather	 qualitative	 information	over	 individual	 interviews,	 as	 focus	 groups	
produce	a	more	natural	environment	–	“the	participants	are	influencing	and	influenced	by	
others	as	they	are	in	real	life”	[111].	It	was	important	to	allow	participants	to	“stimulate	and	


























The	LS	parts	 that	were	used	 in	 this	study	were	two	test	parts	 from	the	surface	roughness	
testing	–	the	smoothest	and	roughest	natural	surface	finishes	 from	the	EOS	Formiga	P100	
machine,	Virgin	0	C	1	and	50-50	45	E	3	 respectively.	These	parts	were	used	 to	determine	


































• We&ask&that&you&turn&your&mobile&phones&off&or&put&them&on&silent.&If&you&cannot,& and& if& you& must& respond& to& a& call,& please& do& so& as& quietly& as&possible&and&reDjoin&us&as&quickly&as&you&can.&
• My&role&as&the&facilitator&will&be&to&guide&the&discussion.&
• Please&talk&to&each&other.&&


















This is where the
useful vocabulary





later	 on,	 and	 hopefully	 creating	more	 useful	 and	 efficient	 answers.	 By	 having	 a	 group	 of	












































M	was	used	 for	a	male	participant,	F	used	 for	a	 female	participant,	F	 inside	a	box	 for	 the	
























Unfortunately,	one	of	 the	participants	asked	 if	 the	plates	were	different	–	which	was	not	











The	 group	 came	 to	 a	 consensus	 that	 the	materials	 used	 to	make	 the	 product	were	most	
influential	when	deciding	upon	whether	something	has	good	or	bad	quality.	Other	ideas	that	
were	 discussed	 were	 weight,	 finish	 and	 durability,	 but	 the	 participants	 agreed	 that	 it	



















































































Participant	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	
Difference	 ✔	 ✔	 	 ✔	 ✔	 ✔	 ✔	 	 	 	 	 	 	 	 	
No	
Difference	












































Participant	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	
No.	of	
adjectives		 41	 14	 14	 10	 25	 28	 22	 30	 4	 6	 30	 16	 17	 7	 31	
Different	








































































For	 the	 words	 to	 be	 prepared	 for	 implementation	 into	 the	 semantic	 differential	
questionnaire,	they	had	to	be	paired	with	their	opposite	in	meaning.	For	example,	rough	and	




























































Two	 Alternative	 Forced	 Choice	 (2AFC),	 semantic	 differential	 and	 interviewing	 testing	



































These	 four	 sections	 were	 proposed	 to	 be	 developed	 for	 the	 experimental	 process	 to	
incorporate	both	types	of	haptic	perception	testing	methods	(2AFC	and	semantic	differential)	
























One	 of	 the	 remaining	 test	 plates	 was	 post	 processed	 using	 shot-blasting,	 the	 standard	






Sanding	 is	 a	 commonly	 used	 post-processing	 technique	 that	 uses	 different	 variations	 of	





























































The	aim	of	 this	 section	was	 to	 familiarise	 the	participant	with	 the	plates	and	 to	 test	 their	
choice	reliability.	
	






As	explained	 in	Chapter	3,	 there	has	been	a	 lot	of	 research	 into	 the	human	perception	of	
surfaces	focussing	on	the	use	of	sight.	Many	researchers	have	worked	with	[100,	101]	and	


























times	 to	 make	 45	 tests.	 This	 was	 to	 test	 the	 repeatability	 of	 the	 experiment	 and	 the	


















technique.	 Semantic	 differential	 tests	 are	 used	 in	 psychological	 analysis,	 but	 also	 more	
commonly	in	affective	engineering	with	the	use	of	adjective	analysis	such	as	in	the	work	of	
Barnes,	Childs	and	Lillford	[78-80,	105,	133].	This	where	the	participant	would	test	each	plate	
separately,	 hidden	 behind	 a	 screen.	 They	 would	 then	 rate	 it	 against	 words	 on	 semantic	
differential	scales	as	determined	in	Chapter	4.		
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1 2 3 4 5 6 7 Not Furry 





































































































one	 of	 them	 only	 stating	 that	 they	 were	 “not	 expecting	 it	 to	 be	 that	 long”,	 but	 when	
questioned	further	on	the	length,	they	did	not	feel	it	was	too	lengthy.	Again,	by	giving	the	













of	 each	 of	 the	 semantic	 differential	 scale	 pages.	 This	 caused	 some	 confusion	 among	 the	
participants,	which	could	be	avoided	if	the	names	were	deleted.	Another	small	change	that	


































































































unsure	 of	 a	 decision	 straight	 away.	One	 of	 the	 participants	was	 very	 thorough	with	 their	








was	made	 to	be	vague	deliberately	 to	encourage	 the	participants	 to	 freely	 share	and	 talk	
about	whatever	they	chose	to	be	important;	but	this	seemed	to	give	too	much	freedom	that	
they	did	not	know	where	to	start.	By	giving	the	facilitator	more	carefully	thought	out	neutral	

























































































































































































































The	 interview	 structure	 became	 more	 detailed.	 The	 participants	 were	 reminded	 of	 the	
process	 that	 they	had	 just	been	 through.	 They	were	 then	asked	 if	 they	 thought	 they	had	
favoured	or	not	favoured	any	of	the	parts	in	the	2AFC	test.	The	question	was	to	see	if	they	
perceived	to	tell	a	difference	between	at	least	two	of	the	tiles.	They	were	then	asked	what	

























with	a	57:43	percentage	gender	 split	between	males	and	 females,	 aiming	 to	get	a	 similar	
	 Main	User	Trials	-	Results	
	 113	



















The	main	difference	between	ordinal	 and	nominal	 is	 that	ordinal	 includes	 ranks,	whereas	
nominal	does	not.	For	example,	nominal	 includes	colours	and	nouns	which	do	not	have	a	
significant	order.	 The	data	 collected	 for	 this	 experiment	 is	 classed	 in	 the	ordinal	 category	























the	 highest	 in	 quality	 for	 a	mobile	 phone	 case.	 The	 2AFC	 test	was	 designed	 to	 force	 the	
participant	to	make	a	decision	as	to	which	plate	 felt	“higher	 in	quality”	between	two	that	
were	 hidden	 from	 view.	 Each	 tile	 was	 rated	 against	 all	 the	 other	 tiles	 in	 a	 completely	
randomised	order	and	this	process	was	repeated	three	times	for	each	pair.	As	each	tile	was	




























The	 inter-rater	 reliability	 compares	 all	 of	 the	 participant	 data	 from	 all	 of	 the	 participants	

































their	 own	 decisions.	 For	 the	 2AFC,	 each	 participant	 had	 the	 choice	 of	 each	 pairing	 three	


















Participant	 ICC	 Participant	 ICC	
1	 0.331	 23	 0.900	
2	 0.937	 24	 0.573	
3	 0.288	 25	 0.865	
4	 0.842	 26	 0.801	
5	 0.993	 27	 0.978	
6	 0.817	 28	 0.853	
7	 0.986	 29	 0.822	
8	 0.894	 30	 0.912	
9	 0.723	 31	 0.773	
10	 0.583	 32	 0.948	
11	 0.861	 33	 0.416	
12	 0.806	 34	 0.927	
13	 0.562	 35	 0.460	
14	 0.964	 36	 0.584	
15	 0.376	 37	 0.884	
16	 0.324	 38	 0.745	
17	 0.838	 39	 0.993	
18	 0.888	 40	 0.828	
19	 0.992	 41	 0.993	
20	 0.966	 42	 0.841	
21	 0.987	 43	 0.960	

















The	 Freidman	 test	 is	 the	 non-parametric	 alternative	 to	 the	 one-way	 Analysis	 of	 Variance	
(ANOVA)	 with	 repeated	 measures.	 It	 compares	 the	 differences	 between	 related,	 ordinal	







In	 the	 Friedman	 test,	 the	 null	 hypothesis	 states	 that	 the	 groups	 are	 the	 same	 and	 the	
alternative	states	that	they	are	different.	For	example,	if	a	jury	has	to	decide	whether	a	person	





























The	 Friedman	 test	 gave	 a	 p-value	 of	 <0.001,	 showing	 there	 was	 a	 statistically	 significant	
difference	between	the	perception	of	quality	of	at	least	some	of	the	tiles.	This	indicates	that	
the	null	hypothesis	should	be	rejected	in	favour	of	the	alternative.	This	did	not	indicate	which	
tiles	 in	 particular	were	 perceived	 to	 be	 of	 a	 different	 quality	 to	 the	 others.	 Post-analysis	



















































































































roughness,	 hardness,	 temperature,	 smoothness,	 quality,	 and	 furriness	 as	 identified	 in	 the	
focus	groups.	Both	 the	order	of	 the	 tiles	and	 the	scales	were	completely	 randomised	and	
again,	the	participants	were	not	allowed	to	see	the	parts.	This	test	was	designed	to	encourage	
the	contributors	to	evaluate	their	initial	contact	with	the	tiles	in	the	first	test	with	scales	that	


























































was	a	perceived	difference	between	 the	 tiles.	 The	Friedman	 test	 gave	a	p-value	of	0.004,	
which	 suggests	 that	 there	 was	 a	 significant	 difference	 as	 this	 p-value	 is	 lower	 than	 the	
significance	 level	 of	 0.05.	 Therefore,	 a	Wilcoxon	 signed-rank	 test	was	 investigated	 to	 see	
where	the	differences	in	hardness	perception	were;	see	Appendix	F	for	this	data.	
	














The	 medians	 in	 Figure	 6.7	 reduce	 in	 size	 per	 tile	 and	 then	 increase	 again	 for	 the	 PUSh	










































































































































and	 smoothness.	 The	 other	 scales	 had	 weak	 effect	 sizes	 and	 hardness	 had	 the	 smallest	
coefficient	overall.	This	suggests	that	hardness	was	the	most	ambiguous	of	the	scales	for	the	














































tests	 (see	 Appendix	 F),	 there	 was	 evidence	 pointing	 to	 the	 PUSh	 processed	 part	 being	



































































they	were	 asked	 if	 they	 had	 found	 themselves	 favouring	 (or	 not)	 certain	 parts.	 93.2%	 of	














































































opinions	 and	 adjectives	 from	 participants	 about	 LS	 parts.	 The	 adjectives	 collected	
were	used	to	develop	the	language	for	the	human	interactions	tests	influenced	by	the	
literature.	











































quality	 tile	 of	 a	 pairing;	 the	 800	 and	 1200	 sanded	 tiles	 were	 chosen	 the	most	 overall	 as	
highlighted	on	the	diagram,	as	the	IQRs	and	medians	were	placed	in	the	highest	position	on	




























Based	on	 the	 vocabulary	 generated	 from	 the	 focus	 groups,	 different	 adjectives	were	 also	
assessed	(other	than	roughness),	one	of	which	was	smoothness.	One	of	the	main	rules	used	
when	 deciding	 on	 adjectives	 to	 be	 included	 was	 to	 “remove	 ambiguous	 adjectives”,	
developed	 using	 the	 guidelines	 suggested	 by	 Barnes,	 Lillford	 and	 colleagues	 [79,	 80,	 82].	


















The	 contrasting	 gradients	 imply	 that	 the	 participants	 mostly	 perceived	 smoothness	 and	
roughness	to	be	polar	opposites	of	each	other,	meaning	that	two	separate	scales	would	not	





















when	deciding	 if	 the	 tiles	were	of	a	high	quality	or	not.	 	From	the	results	 in	 the	semantic	
differential	tests,	this	supports	the	claim	that	smoothness	increases	with	quality	and	again	
gives	confidence	in	the	data.	However,	as	shown	in	many	of	the	results	(Figure	6.3	-	Figure	








this	 could	 be	 addressed	 would	 be	 to	 look	 at	 the	 friction	measurements	 of	 the	 tiles	 and	




Whilst	 the	other	 factors	showed	some	minor	effects	 in	places,	none	showed	a	substantial	











this	 suggests	 this	 relationship	may	 not	 be	 consistent	 over	 the	whole	 data	 set.	 The	 same	
material	 was	 used	 to	 create	 all	 seven	 tiles,	 which	 should	 not	 give	 differing	 material	
temperatures.	This	disparity	could	be	due	to	preconceptions	made	throughout	the	testing,	of	
participants	 evaluating	 a	 part	 to	 be	 of	 a	 higher	 quality	 and	 then	 assuming	 it	 has	 a	 lower	































testing	procedure	 for	 this	 thesis,	as	 the	main	 focus	was	 the	perception	of	quality	 through	
touch.	 However,	 after	 feedback	 from	 the	 trial	 testing,	 a	 reveal	 was	 included	 after	 the	
participants	 had	 blindly	 ranked	 the	 tiles.	 The	 participants	were	 then	 asked	 if	 they	would	






























800	 and	 1200	 sanded	 tiles,	 as	 shown	 in	 Figure	 7.7,	 is	 very	 different	 for	 those	 two	 tiles	
compared	to	the	data	in	the	other	results.	(e.g.	Figure	7.2	in	the	2AFC	test).	
	







































































thinking	 of	 the	 participants,	 which	 in	 turn	 generated	 more	 varied	 adjectives.	 Several	
adjectives	were	identified	to	be	useful	when	describing	quality,	but	only	certain	ones	had	real	
impact.	When	 selecting	 the	 adjectives,	 it	 was	 important	 to	 define	which	 rules	 are	 key	 in	
developing	 scales	 that	were	not	 ambiguous.	Developing	an	adapted	 set	of	 rules	 from	 the	
literature	[79,	81,	82]	was	imperative	when	creating	meaningful	semantic	differential	scales.	
The	use	of	two	opposites	in	roughness	and	smoothness	showed	consistency.	The	use	of	the	


























Further	 investigations	 should	 be	 conducted	 to	 identify	 the	 optimum	 roughness	 to	




2. Effect	 of	 interaction	 method	 –	 This	 work	 focussed	 around	 a	 single	 exploratory	
procedure,	with	others	identified	by	Lederman	and	Kaltzky	[9,	10,	94,	97].	These	other	
methods	 of	 interaction	 (e.g.	 gripping)	 should	 be	 explored	 in	 order	 to	 build	 a	
comprehensive	view	of	the	effects	of	roughness	when	related	to	specific	actions.		
3. Effect	 of	 sight	 –	 This	 thesis	 briefly	 touched	 upon	 the	 effect	 of	 sight,	 which	 was	
concluded	to	be	a	considerable	factor	when	perceiving	quality.	Investigating	how	sight	
relates	to	quality	of	LS	parts	would	be	beneficial,	especially	for	different	applications.		

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































7		5	 	 2		5	 	 1		6	 	
4		1	 	 3		6	 	 3		4	 	
6		5	 	 3		2	 	 7		1	 	
7		2	 	 6		5	 	 1		3	 	
6		3	 	 5		4	 	 3		2	 	
5		1	 	 2		4	 	 1		4	 	
4		2	 	 5		1	 	 6		4	 	
1		2	 	 5		7	 	 2		5	 	
3		1	 	 2		6	 	 7		4	 	
3		7	 	 7		4	 	 5		4	 	
2		5	 	 3		1	 	 2		7	 	
7		6	 	 3		4	 	 1		2	 	
7		1	 	 2		7	 	 6		7	 	
3		4	 	 6		4	 	 5		3	 	
2		3	 	 7		6	 	 5		6	 	
4		7	 	 7		3	 	 6		2	 	
6		1	 	 3		5	 	 3		6	 	
5		3	 	 2		1	 	 4		2	 	
5		4	 	 7		1	 	 1		5	 	
6		2	 	 4		1	 	 5		7	 	












































































































































































Cool	 1	 2	 3	 4	 5	 6	 7	 Warm	
	
Low	Quality	 1	 2	 3	 4	 5	 6	 7	 High	Quality	
	
Rough	 1	 2	 3	 4	 5	 6	 7	 Not	Rough	
	
Furry	 1	 2	 3	 4	 5	 6	 7	 Not	Furry	
	
Soft	 1	 2	 3	 4	 5	 6	 7	 Hard	
	


















Smooth	 1	 2	 3	 4	 5	 6	 7	 Not	Smooth	
	
Low	Quality	 1	 2	 3	 4	 5	 6	 7	 High	Quality	
	
Not	Furry	 1	 2	 3	 4	 5	 6	 7	 Furry	
	
Hard	 1	 2	 3	 4	 5	 6	 7	 Soft	
	
Not	Rough	 1	 2	 3	 4	 5	 6	 7	 Rough	
	























Smooth	 1	 2	 3	 4	 5	 6	 7	 Not	Smooth	
	
Low	Quality	 1	 2	 3	 4	 5	 6	 7	 High	Quality	
	
Furry	 1	 2	 3	 4	 5	 6	 7	 Not	Furry	
	
Cool	 1	 2	 3	 4	 5	 6	 7	 Warm	
	
Soft	 1	 2	 3	 4	 5	 6	 7	 Hard	
	























Hard	 1	 2	 3	 4	 5	 6	 7	 Soft	
	
Not	Smooth	 1	 2	 3	 4	 5	 6	 7	 Smooth	
	
Low	Quality	 1	 2	 3	 4	 5	 6	 7	 High	Quality	
	
Warm	 1	 2	 3	 4	 5	 6	 7	 Cool	
	
Rough	 1	 2	 3	 4	 5	 6	 7	 Not	Rough	
	























Smooth	 1	 2	 3	 4	 5	 6	 7	 Not	Smooth	
	
Low	Quality	 1	 2	 3	 4	 5	 6	 7	 High	Quality	
	
Warm	 1	 2	 3	 4	 5	 6	 7	 Cool	
	
Not	Furry	 1	 2	 3	 4	 5	 6	 7	 Furry	
	
Hard	 1	 2	 3	 4	 5	 6	 7	 Soft	
	























Warm	 1	 2	 3	 4	 5	 6	 7	 Cool	
	
Soft	 1	 2	 3	 4	 5	 6	 7	 Hard	
	
Furry	 1	 2	 3	 4	 5	 6	 7	 Not	Furry	
	
Not	Smooth	 1	 2	 3	 4	 5	 6	 7	 Smooth	
	
High	Quality	 1	 2	 3	 4	 5	 6	 7	 Low	Quality	
	























Smooth	 1	 2	 3	 4	 5	 6	 7	 Not	Smooth	
	
Rough	 1	 2	 3	 4	 5	 6	 7	 Not	Rough	
	
Warm	 1	 2	 3	 4	 5	 6	 7	 Cool	
	
Not	Furry	 1	 2	 3	 4	 5	 6	 7	 Furry	
	
Hard	 1	 2	 3	 4	 5	 6	 7	 Soft	
	























You	 will	 now	 be	 guided	 through	 an	 interview	 by	 the	 facilitator.	 Please	 review	 the	



































The	 Friedman	 test	 is	 used	 to	 determine	 whether	 c	 groups	 have	 been	 selected	 from	
populations	having	equal	medians.	










a` = 12AP(P + 1) &_[]_9: − 3A(P + 1)	
Where	
Rj2	=	square	of	the	total	of	the	ranks	for	group	j	(j=1,	2,	…,	c)	
r	=	number	of	participants	
c	=	number	of	groups	
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10.6 	Appendix	F	
Wilcoxon	signed-rank	test	
The	theory	for	this	statistical	test	is	very	complex.	For	more	detailed	information,	please	refer	
to	Laerd	Mathematics:	
https://statistics.laerd.com/spss-tutorials/wilcoxon-signed-rank-test-using-spss-
statistics.php	
	
Roughness	Wilcoxon	signed	rank	table	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 0.000	 Yes	
Natural	and	400	sanded	 0.000	 Yes	
Natural	and	800	sanded	 0.000	 Yes	
Natural	and	1200	sanded	 0.000	 Yes	
Natural	and	PUSh	 0.201	 No	
Shot	blasted	and	180	sanded	 0.000	 Yes	
Shot	blasted	and	400	sanded	 0.000	 Yes	
Shot	blasted	and	800	sanded	 0.000	 Yes	
Shot	blasted	and	1200	sanded	 0.000	 Yes	
Shot	blasted	and	PUSh	 0.010	 Yes	
180	sanded	and	400	sanded	 0.187	 No	
180	sanded	and	800	sanded	 0.174	 No	
180	sanded	and	1200	sanded	 0.047	 Yes	
180	sanded	and	PUSh	 1.000	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 0.000	 Yes	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 0.000	 Yes	
1200	sanded	and	PUSh	 0.000	 Yes	
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Hardness	Wilcoxon	signed	rank	table	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 1.000	 No	
Natural	and	400	sanded	 1.000	 No	
Natural	and	800	sanded	 1.000	 No	
Natural	and	1200	sanded	 1.000	 No	
Natural	and	PUSh	 1.000	 No	
Shot	blasted	and	180	sanded	 0.130	 No	
Shot	blasted	and	400	sanded	 0.174	 No	
Shot	blasted	and	800	sanded	 0.059	 No	
Shot	blasted	and	1200	sanded	 0.150	 No	
Shot	blasted	and	PUSh	 0.904	 No	
180	sanded	and	400	sanded	 1.000	 No	
180	sanded	and	800	sanded	 1.000	 No	
180	sanded	and	1200	sanded	 1.000	 No	
180	sanded	and	PUSh	 1.000	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 1.000	 No	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 1.000	 No	
1200	sanded	and	PUSh	 1.000	 No	
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Temperature	Wilcoxon	signed	rank	table	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 0.375	 No	
Natural	and	400	sanded	 0.005	 Yes	
Natural	and	800	sanded	 0.000	 Yes	
Natural	and	1200	sanded	 0.007	 Yes	
Natural	and	PUSh	 0.111	 No	
Shot	blasted	and	180	sanded	 1.000	 No	
Shot	blasted	and	400	sanded	 0.103	 No	
Shot	blasted	and	800	sanded	 0.004	 Yes	
Shot	blasted	and	1200	sanded	 0.130	 No	
Shot	blasted	and	PUSh	 1.000	 No	
180	sanded	and	400	sanded	 1.000	 No	
180	sanded	and	800	sanded	 0.590	 No	
180	sanded	and	1200	sanded	 1.000	 No	
180	sanded	and	PUSh	 1.000	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 1.000	 No	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 1.000	 No	
1200	sanded	and	PUSh	 1.000	 No	
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Smoothness	Wilcoxon	signed	rank	table	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 0.000	 Yes	
Natural	and	400	sanded	 0.000	 Yes	
Natural	and	800	sanded	 0.000	 Yes	
Natural	and	1200	sanded	 0.000	 Yes	
Natural	and	PUSh	 0.162	 No	
Shot	blasted	and	180	sanded	 0.000	 Yes	
Shot	blasted	and	400	sanded	 0.000	 Yes	
Shot	blasted	and	800	sanded	 0.000	 Yes	
Shot	blasted	and	1200	sanded	 0.000	 Yes	
Shot	blasted	and	PUSh	 0.082	 No	
180	sanded	and	400	sanded	 0.047	 Yes	
180	sanded	and	800	sanded	 0.187	 No	
180	sanded	and	1200	sanded	 0.005	 Yes	
180	sanded	and	PUSh	 0.520	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 0.000	 Yes	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 0.000	 Yes	
1200	sanded	and	PUSh	 0.000	 Yes	
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Quality	Wilcoxon	signed	rank	table	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 0.187	 No	
Natural	and	400	sanded	 0.000	 Yes	
Natural	and	800	sanded	 0.000	 Yes	
Natural	and	1200	sanded	 0.000	 Yes	
Natural	and	PUSh	 1.000	 No	
Shot	blasted	and	180	sanded	 0.010	 Yes	
Shot	blasted	and	400	sanded	 0.000	 Yes	
Shot	blasted	and	800	sanded	 0.000	 Yes	
Shot	blasted	and	1200	sanded	 0.000	 Yes	
Shot	blasted	and	PUSh	 0.201	 No	
180	sanded	and	400	sanded	 1.000	 No	
180	sanded	and	800	sanded	 1.000	 No	
180	sanded	and	1200	sanded	 0.111	 No	
180	sanded	and	PUSh	 1.000	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 0.232	 No	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 0.096	 No	
1200	sanded	and	PUSh	 0.005	 Yes	
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Furriness	Wilcoxon	signed	rank	table	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 1.000	 No	
Natural	and	400	sanded	 0.140	 No	
Natural	and	800	sanded	 0.267	 No	
Natural	and	1200	sanded	 0.306	 No	
Natural	and	PUSh	 0.010	 Yes	
Shot	blasted	and	180	sanded	 1.000	 No	
Shot	blasted	and	400	sanded	 0.351	 No	
Shot	blasted	and	800	sanded	 0.628	 No	
Shot	blasted	and	1200	sanded	 0.711	 No	
Shot	blasted	and	PUSh	 0.031	 Yes	
180	sanded	and	400	sanded	 0.187	 No	
180	sanded	and	800	sanded	 0.351	 No	
180	sanded	and	1200	sanded	 0.401	 No	
180	sanded	and	PUSh	 0.014	 Yes	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 1.000	 No	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 1.000	 No	
1200	sanded	and	PUSh	 1.000	 No	
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10.7 	Appendix	F	
Wilcoxon	signed	rank	touch	data	
	
Tiles	 p-value	 Perceived	quality	difference	
Natural	and	shot	blasted	 1.000	 No	
Natural	and	180	sanded	 0.328	 No	
Natural	and	400	sanded	 0.000	 Yes	
Natural	and	800	sanded	 0.000	 Yes	
Natural	and	1200	sanded	 0.000	 Yes	
Natural	and	PUSh	 0.628	 No	
Shot	blasted	and	180	sanded	 0.001	 Yes	
Shot	blasted	and	400	sanded	 0.000	 Yes	
Shot	blasted	and	800	sanded	 0.000	 Yes	
Shot	blasted	and	1200	sanded	 0.000	 Yes	
Shot	blasted	and	PUSh	 0.002	 Yes	
180	sanded	and	400	sanded	 0.628	 No	
180	sanded	and	800	sanded	 0.711	 No	
180	sanded	and	1200	sanded	 0.076	 No	
180	sanded	and	PUSh	 1.000	 No	
400	sanded	and	800	sanded	 1.000	 No	
400	sanded	and	1200	sanded	 1.000	 No	
400	sanded	and	PUSh	 0.328	 No	
800	sanded	and	1200	sanded	 1.000	 No	
800	sanded	and	PUSh	 0.375	 No	
1200	sanded	and	PUSh	 0.033	 Yes	
	
	
	
